The study on biochar derived from plant biomass for environmental applications is attracting more and more attention. Twelve sets of biochar were obtained by treating four phytoremediation plants, Salix rosthornii Seemen, Thalia dealbata, Vetiveria zizanioides, and Phragmites sp., sequentially through pyrolysis at 500 °C in a N 2 environment, and under different temperatures (500, 600, and 700 °C) in a CO 2 environment. The cation exchange capacity and specific surface area of biochar varied with both plant species and pyrolysis temperature. The magnesium (Mg) content of biochar derived from T. dealbata (TC) was obviously higher than that of the other plant biochars. This biochar also had the highest sorption capacity for phosphate and ammonium. In terms of biomass yields, adsorption capacity, and energy cost, T. dealbata biochar produced at 600 °C (TC600) is the most promising sorbent for removing contaminants (N and P) from aqueous solution. Therefore, T. dealbata appears to be the best candidate for phytoremediation application as its biomass can make a good biochar for environmental cleaning.
Introduction
It is well known that increased nitrogen (N) and phosphorus (P) inputs have resulted in accelerated water eutrophication worldwide (Conley et al., 2009) .
Eutrophication in lakes, reservoirs, estuaries, and rivers is a common environmental issue, especially in developing countries like China (Yang et al., 2008) . Thus, cost-effective and highly efficient water treatment technologies are desirable. Constructed wetlands have emerged as a promising approach owing to their bioremediation potential. Both terrestrial and aquatic plants have been utilized to remove N and P from wastewater (Abe and Ozaki, 1998) . Plants like Thalia dealbata, Vetiveria zizanioides, and Phragmites sp. are widely used in constructed wetlands for eutrophication control (Valipour et al., 2009; Zhao et al., 2012) . Seo et al. (2010) examined the nitrate and phosphate removal potential of three Salix species in a eutrophic aquatic environment, and found that rosegold pussy willow is best for N removal, and the highest P removal was observed in giant pussy willow. However, if these wetland plants are not harvested properly, nutrients that have been taken up by plants will be released back into the water during the decomposition processes (Brix, 1997; Lu et al., 2010) . Thus, harvesting the plants and subsequent processing are critical. Harvested plant biomass can be used as soil amendment, processed into livestock feed (Valix et al., 2004; Cao and Harris, 2010; Lu et al., 2010) , or converted into usable energy through other pathways. In China, plant energy research has focused mostly on bioethanol and biogas production (Wilkie and Evans, 2010) .
Biomass is one of the largest sustainable energy sources in the world. The utilization of biomass for energy production has gained increasing popularity in some countries (Karaosmanoglu et al., 2000) because it can reduce the risk of energy shortage. Biochar is a pyrogenic carbon-rich material produced from waste biomass, in particular agricultural wastes such as corn, sugarcane bagasse, and peanuts (Kameyama et al., 2011; Yuan et al., 2011) . Many studies have evaluated the use of biochar as adsorbents for the removal of heavy metals, pathogens, and other pollutants in wastewater. Xu et al. (2013) showed that biochar derived from dairy manure was effective for removing heavy metals, e.g., Pb, Cu, Zn, or Cd, from wastewater. Mohan et al. (2007) found that oak bark char could significantly remove Pb 2+ and Cd 2+ . Chun et al. (2004) reported that crop residue-derived chars in agricultural soils served as a potential medium for retaining organic contaminants. However, research on nutrient removal, particularly ammonium and phosphate from water by biochar, is limited (Hossain et al., 2011; Yao et al., 2011a) .
In this study, we investigated ammonium and phosphate sorption by selective biochar derived from four phytoremediation plants, Salix rosthornii Seemen, T. dealbata, V. zizanioides, and Phragmites sp., which were subjected to different temperatures (500, 600, and 700 °C) through slow pyrolysis. Our objectives were to compare the physicochemical characteristics of biochars derived at different temperatures and to evaluate the potential of pyrolyzed biochar for ammonium and phosphate removal from aqueous solution.
Materials and methods

Materials and preparation
The biochar samples used in this study were produced from four plants: S. rosthornii Seemen, T. dealbata, V. zizanioides, and Phragmites sp. S. rosthornii was collected from the Huajiachi Campus, Zhejiang University, China. The other three plants were collected from the Qingshanhu constructed wetland, Lin'an, China. The plants were air-dried in a greenhouse for 7 d, and then ground and passed through a 1-mm sieve. The powder was dried at 105 °C for 24 h prior to carbonization and activation treatment.
Carbonization: Biochar powder was first pyrolyzed to 500 °C in a furnace (KBF11Q, Zhengguang, China) under N 2 atmosphere at a ramp rate of 5 °C/min and incubated at the peak temperature for 2 h before cooling down to room temperature.
Activation: Four types of carbonized biochar were further pyrolyzed to three different temperatures (500, 600, and 700 °C) in CO 2 atmosphere under the same conditions (heating rate of 5 °C/min for 2 h).
The resulting biochars were cooled to room temperature in the CO 2 atmosphere. Twelve products were obtained (Table 1) : SC500, SC600, SC700 (S. rosthornii Seemen), TC500, TC600, TC700 (T. dealbate), VC500, VC600, VC700 (V. zizanioidees), PC500, PC600, and PC700 (Phragmites sp.).
Biochar properties
Elemental CHN analyses were performed using a CHN elemental analyzer (Flash-EA112, Thermo Finnigan). Available P was determined by the Olsen method using an ultraviolet spectrophotometer (Lambda 35, PerkinElmer). Ca, Mg, Fe, and Al were measured by inductively coupled plasma mass spectrometry (ICP-MS; 7500a, Agilent). The cation exchange capacity (CEC) was measured by the method of Schollenberger and Simon (1945) .
Fourier transform infrared (FTIR) analysis (Nicolet 6700) of the biochar was performed to identify the surface functional groups. The biochars were analyzed by infrared spectroscopy between 400 and 4 000 cm −1 , with 50 scans being taken at 2 cm −1 resolution. Scanning electron microscopy (SEM; SU1510, Hitachi) was used to compare the structures and surface characteristics of the four biochar samples. The pH of the biochar was measured by adding biochar to deionized water at a mass/water ratio of 1:20 (Inyang et al., 2012) . The solution was then manually shaken and allowed to stand for 5 min before the pH was measured.
The specific surface area of biochar was determined by N 2 adsorption isotherms at 77 K and by CO 2 isotherms at 273 K using a Quadrasorb Si-MP surface area analyzer, N 2 adsorption isotherms at 77 K using the Brunauer-Emmett-Teller (BET) method for mesopore-enclosed surfaces and CO 2 adsorption isotherms at 273 K using grand canonical Monte Carlo simulations of non-local density functional theory (NLDFT) for micropore-enclosed (<1.5 nm) surfaces (Yao et al., 2011a; Inyang et al., 2012) .
Sorption experiments
Ammonium and phosphate solutions were prepared by dissolving NH 4 Cl and K 2 HPO 4 in deionized water. Adsorption isotherms of ammonium and phosphate from their individual solutions were determined using batch experiments in triplicate. A total of 0.2 g adsorbent was added to 50 ml of ammonium or phosphate solution. The initial pH for each sorption solution was adjusted to 7 prior to the sorption experiments. The vessels were shaken at 200 r/min in a mechanical shaker for 24 h at room temperature, and the final suspensions were centrifuged, filtered, and stored at room temperature until analysis. The sorbed amount was calculated from the difference between the initial and final concentrations of the nutrient in the solution.
To evaluate the sorption capacity for environmental treatment, removal rates of ammonium and phosphate were measured with 0.2 g of each adsorbent added into 30 mg N/L and 30 mg P/L solutions, respectively. Removal rates were calculated based on the initial and final aqueous concentrations.
Statistical analysis
The data of sorption of ammonium and phosphate were described by analyses of regression. Other statistical analyses were conducted using the programs of Origins 8.0. The error bars represent standard deviation (SD), calculated from triplicate data.
Results and discussion
Biochar characterization
Biochar yield decreased with increasing pyrolysis temperature (Table 1 ). The biochar yields of the four plant biomasses SC, TC, VC, and PC were 24.48%-27.62%, 22.81%-31.98%, 28.21%-31.51%, and 29.32%-33.59%, respectively, when activated at different temperatures. These production rates are comparable, or greater than commonly used plant materials such as olive husk and corncob produced at the same temperatures (Demirbas, 2004) . Therefore, the biomasses of the four plant species can be good candidates for biochar feedstock. CHN analysis revealed that for the same biochar material, as the activation temperature increased, the yield rate gradually decreased because of the degradation of remaining carbonized material. Carbon contents generally increased, whereas H and O contents decreased with increasing activation temperature, indicating an increased degree of carbonization of the biochar (Chun et al., 2004) . However, the C content of TC700 decreased along with the increasing temperature, probably because more ash is produced at higher temperatures. The Ca content of all biochar was similar, regardless of temperature, but TC had a high content of available P and Mg, approximately three times greater than the other biochar. It is likely T. dealbata has a greater capacity for uptake and accumulation of P and Mg.
Surface areas generally increased with increasing temperature. Although N 2 is widely used as a standard probe gas for surface area measurement, N 2 is unable to reach the internal microporosity associated with materials such as biochar, kerogen, and humic substances (Pignatello et al., 2006) . The surface area determined by CO 2 was higher than that determined by N 2 because CO 2 diffuses more easily at 273 K and has a smaller molecular size than N 2 (Pignatello et al., 2006) . The BET method relies on several assumptions that may not be true for microporous materials with very narrow pores and ultrahigh surface areas (Walton and Snurr, 2007) . The modern approach, which involves the application of NLDFT, provides a more reliable size analysis of both micropores and mesopores (Ravikovitch and Neimark, 2001) . Therefore, the CO 2 (NLDFT) method should be more adequate for determining the surface area of biochar (Pignatello et al., 2006; Yao et al., 2011a) . Biochar (SC, PC, and VC) and TC700 had a large N 2 surface area, indicating the presence of mesopores (Yao et al., 2011a) . The N 2 -determined surface areas of TC500 (3.57 m 2 /g) and TC600 (17.53 m 2 /g) were much lower than the corresponding CO 2 -determined values (114.11 and 287.95 m 2 /g), indicating that TC500 and TC600 have been dominated by micropores. TC600 had a larger surface area than TC500, for more micropores of TC were developed with increasing temperature, while TC700 has some mesopores because the high temperature destroyed the microstructure.
The infrared spectra of the adsorbents (Fig. 1 ) revealed their complex chemical bonding consisting of different organic structures. The spectra of SC600, VC600, and PC600 were of similar shapes (aromatic C=O, C=C 1616 cm −1 , -CH 2 -1400 cm −1 , CO and CC stretching 1117 cm −1 , and furan γ-CH 875 cm −1 ), but were different from the TC600 spectrum, which had more peaks, e.g., the aliphatic C-O-C functional groups of cellulose at 1043 cm −1 and carbohydrate C-O at 990 cm −1 (Uchimiya et al., 2010; Kumar et al., 2011) . The bands for aliphatic CH 2 groups in TC600 at 1440 and 1400 cm −1 indicate that TC600 has more nonpolar groups. Peaks at 1616, 1440, 1400, and 1043 cm −1 were preserved in TC600 but absent from TC600+NH 4 and TC600+P (after reaction with Transmittance ammonia and phosphate, respectively), indicating that the functional groups (e.g., CH 2 , C-O-C) had reacted with NH 4 Cl and K 2 HPO 4 . Fig. 2 shows the SEM images of TC600 before and after ammonium and phosphate sorption. The SEM image of TC600 showed that the T. dealbata biochar had a smooth surface (Fig. 2a) , which is consistent with the surface area measurements by the two different methods, indicating that its surface area was dominated by micropores. From the SEM images as shown in Figs. 2b and 2c, no significant differences were found between TC600, TC600+P, and TC600+NH 4 . Glaser et al. (2002) assumed that formation of carboxylic groups by oxidation on the edges of the aromatic backbone of biochar was responsible for increased CEC. Some basic properties in the biochars can be attributed to the presence of basic functional groups (Pulido-Novicio et al., 2001; Kameyama et al., 2011) . Chun et al. (2004) found a decrease in acidic functional groups and an increase in basic functional groups with increasing pyrolysis temperature. This phenomenon may have contributed to the lower CEC of biochar activated at higher temperatures. We found that the CEC of all of the biochar decreased when the activation temperature increased. In general, TC had the highest CEC of all the plant biochar at the same temperature. CEC decreased with increasing pyrolysis temperature, which might be induced by the thermolysis of cellulose and lignin at high temperatures and the presence of basic functional groups.
Sorption isotherms
The biochar of TC showed a very rapid increase in ammonium and phosphate sorption isotherms. The Freundlich and Langmuir isotherm models were used to describe the sorption of ammonium and phosphate into the biochar, which are expressed respectively as Q e =KC e N , Q e =Q max bC e /(1+bC e ),
where Q e is the amount of adsorbate adsorbed at equilibrium (mg/g), C e is the equilibrium concentration (mg/L), K is the relative adsorption capacity constant of the adsorbent (mg/g), N is the intensity of the adsorption constant, Q max is the monolayer maximum adsorption capacity (mg/g), and b is the affinity coefficient.
Figs. 3a-3c show the ammonium adsorption isotherms for SC, VC, TC, and PC at different temperatures. The corresponding Langmuir and Freundlich isotherm parameters and correlation coefficients are given in Table 2 . The correlation coefficients (R 2 ) of the Freundlich model are comparable to those of the Langmuir model, but the Freundlich model fits the data slightly better than the Langmuir model with the exception of T. dealbata. The Langmuir maximum capacity of TC700 was 17.579 mg/g, which is higher than that of other adsorbents for the sorption of ammonium from aqueous solutions. Based on the Freundlich affinity coefficient (K), TC had a higher affinity for ammonium than SC, VC, and PC at the same temperature. This result is consistent with the maximum adsorption capacity. With the increase in temperature, the sorption capacity of all adsorbents increased. Sorption isotherms of phosphate by biochar activated at different temperatures are presented in Figs. 3d-3f. TC700 had the greatest sorption capacity. Some isotherms of SC, VC, and PC showed negative values at lower concentration ranges, potentially because the biochar released some available P into the solution, resulting in lower initial concentrations than equilibrium concentrations. Hence, we analyzed Langmuir and Freundlich isotherm constants for TC only (Table 3 ). The isotherm for phosphate fits the Langmuir model much better, with correlation coefficients ranging from 0.947 to 0.964. This result differs from previous reports showing that phosphate sorption fits the Freundlich isotherm better than does the Langmuir model because of phosphate precipitation (Yao et al., 2011a) . This discrepancy is possibly due to phosphate released from the biochar, which resulted in lower equilibrium values of adsorbed phosphate (Q e ). 
Sorption of ammonium
Removal rates of ammonium (30 mg N/L) by TC500, TC600, and TC700 were (33.38±0.7)%, (37.28±2.2)%, and (37.84±3.2)%, respectively (Fig. 4a) . The removal rates observed for TC were higher as compared to other adsorbents, indicating that TC has a greater ammonium sorption capacity. Chemical interaction may dominate physical sorption (different kinds of plant biochar at the same temperature) because the sorption capacity of TC was much greater than that of the other adsorbents at the same temperature despite the lower specific surface area of TC (Table 1) .
It is widely recognized that biochar can be used as a soil amendment in agriculture. Most previous studies found that biochar addition increased soil CEC to retain nutrients (e.g., K, Ca, and NH 4 + ) (Glaser et al., 2002; Lehmann et al., 2003; Liang et al., 2006) . The consistent correlation of ammonium sorption capacities and CEC of the tested biochar indicates that cation exchange dominated in ammonium removal (Ding et al., 2010) . As predicted from the previous observations, SC700, which has a lower CEC than VC700 and PC700, had the lowest removal rate despite having the largest surface area of the three biochars. This result confirms previous conclusions that, with the same activation temperature, CEC is the most important factor for ammonium sorption. However, with an increase in activation temperature for biochar from a given plant, both the surface area and ammonium removal rates increased, while CEC decreased, indicating that factors other than CEC, such as surface area, also affect sorption. TC700 is the best material for ammonium removal (Fig. 4a) among the test biochar. However, TC600 had a similar ammonium removal rate to TC700, and the yield of TC600 was much higher than TC700 (Table 1) . Although VC700 and PC700 had a greater specific surface area, they had a comparable yield and slightly lower removal rates for NH 4 -N, as compared with TC600. In addition, extra energy is required to produce VC700 and PC700. Therefore, TC600 should be more economical for application of ammonium removal among the tested biochar. 
Sorption of phosphate
Sorption of phosphate from aqueous solutions is generally governed by the surface functional group, surface area of the adsorbent and metal-ion complex formation. Previous studies have demonstrated that the surface of the biochar is often negatively charged, making it repel negatively charged ions such as phosphate (Eberhardt et al., 2006; Yao et al., 2011a) , suggesting that the sorption of phosphate via surface chemistry should be minimal. Similar to the above results for ammonium, TC, which has the lowest specific surface area, has the highest sorption capacity among all tested biochar pyrolyzed at the same temperature, suggesting that for different kinds of plant biochar under the same temperature, the surface area was not the main factor in phosphate sorption.
Under alkaline conditions, the presence of Ca and Mg cations favors precipitation with phosphate (Gerritse, 1993; Arias et al., 2001) . For SC500, VC500, and PC500, with similar CEC and Ca content (Table 1) , no removal of phosphate was observed, suggesting that Ca is insignificant in phosphate removal. This observation is consistent with Yao et al. (2011b) , based on the X-ray diffraction (XRD) spectra of original and P-loaded biochar, that the precipitation of P with Ca may not be an important mechanism for phosphate removal because some Ca in biochar was present on its surface in the form of calcite, which has a low solubility, and Ca trapped inside the biochar could not be released into the solution. TC has the highest Mg content by a factor of three (Table 1 ). The greater phosphate removal by TC was probably due to its Mg content (Yao et al., 2011a) , which can precipitate phosphate in aqueous solutions.
TC had a greater phosphate sorption capacity than the other adsorbents but released some phosphate back into the solution (Fig. 4b) , which is in line with Yao et al. (2011a) . The removal value is in dynamic equilibrium between release and surface precipitation of P. High removal could be explained mainly by surface precipitation, and the available P may be responsible for phosphate release. TC samples that contained a higher available P had a higher P removal rate, indicating that surface precipitation of P is greater than the release of P in TC. On the contrary, in SC, VC, PC, the surface precipitation of P is smaller than the release of available P. With an increase in temperature from 500 to 700 °C, the amount of phosphate that SC, VC, and PC release back into the solution became negligible. Some adsorbents (VC700 and TC700) only removed a small amount of phosphate (3.03% and 1.80%, respectively). For biochar derived from a given plant, the surface area increased with the activation temperature, but the Mg content remained relatively constant (Table 1) . Therefore, changes in phosphate removal are likely caused by interactions with the surface area, in the same plant biochar. The highest phosphate removal rate for TC, 38.12%, was observed when the biochar was activated at 600 °C. The same material activated at 700 °C had a lower phosphate removal rate, possibly because of the higher available P present in the (Table 1) . Thus, TC600 is the best material for removing phosphate from aqueous solutions among the tested biochars.
Conclusions
This study investigated the ability of biochar derived from four different phytoremediation plants to adsorb ammonium and phosphate from aqueous solutions. Physicochemical properties of the biochar, such as pH, surface area, and CEC, changed depending on the temperature at which the biochars were activated. In general, the removal rate rose as the activation temperature increased. Biochar derived from T. dealbata had the highest sorption capacity of all the plant biochar. Residue from T. dealbata can be used as a feed stock for biochar production. Considering the yields, high adsorption and energy cost, T. dealbata activated at a temperature of 600 °C (TC600) is the best adsorbent for removing phosphate and ammonium from aqueous solutions, which makes it of great interest in water eutrophication control. Though we performed the research using artificial wastewater, we believe the high removal efficiencies of ammonia and phosphate by biochars will provide more in-situ wastewater treatment opportunities.
